This paper presents the results of analytical work which aimed to explore potential sources for the lime mortar used in the Hadrianic fort baths and a third-century repair to Hadrian's Wall at Wallsend, UK. It is generally assumed that quick lime for mortar is produced close to the source, however, as yet, no archaeological evidence of kilns has been found in the Wallsend area. After extensive analysis the mortars were found to be very different in characteristics and suggest variable sources for the quarried limestone and for the aggregates used to manufacture the mortar.
Introduction
Hadrian's Wall is a designated UNESCO World Heritage site and consists not only of the wall itself, but the milecastles, forts and associated temples. It is the most elaborate of the fortifications enclosing parts of the Roman Empire. Much of the archaeological investigations to date have focused on the forts, milecastles and turrets. Archaeological work at Wallsend (Bidwell, 2018) provided the opportunity to analyse recovered lime mortar samples from Hadrians Wall and from the nearby baths built at the same time. While lime mortar was not used in the original construction of Hadrians Wall it was extensively used in the fort and baths as well as in later repairs to the wall itself. As there are no outcrops of limestone in the immediate vicinity of Wallsend, the source of the mortar is uncertain. Consequently, a range of analytical techniques were used to characterise the mortar and potential limestone source materials, to explore the question of the mortar provenance.
Background
Hadrian's Wall was built as a frontier between the Roman Empire's province of Britannia and the territories of the Iron Age peoples to the north. Initial building started in AD 122 and lasted about a decade. The wall averaged 4 m high and 3 m wide and required the placing of an estimated 30 million facing stones (Gillette, 2000) , as part of the estimated 3,713,000 tonnes of bulk building materials (facing and core stone, clay and timber) required for the whole wall (Kendal 1996) . There are ongoing archaeological investigations studying many aspects of the construction details and life on the wall but still many fundamental unknowns. The source of much of the building material is still uncertain, although recent work by Allison (2015) using GIS (geographical information system) modelling identified potential stone types and Roman building stone quarries with legionary inscriptions and their distances from the wall or from other structures. These locations varied from as little as 300 m from the wall to as much as 34 km with a median value of 5 km. The initial construction of the 'Broad Wall' generally had a clay and rubble core, with a poor brown mortar used in some places for the facing stones (Symonds & Mason, 2009 ). The eastern end of the wall was extended from Newcastle to Wallsend a few years after the construction of the main wall had commenced. This was part of the "Narrow Wall," representing a second stage in the building programme when the original specification for the "Broad Wall" had been abandoned. The source of the mortar used in the construction of the "Narrow Wall" and later phases of construction is unknown. As Hodgson (2006) stresses, the building activity on the wall was not always driven by political events but by social-historical factors which are considerably more complex. Recent thinking suggests that the building programme was altered to in order to complete the work as quickly as possible, not least because of the direct involvement of the emperor Hadrian.
There are structures surviving in the regions of the central and east walls arising from lime burning activities of the 18th and 19th Centuries. While the practice of quicklime production was certainly carried out in the late 15 th and early 16 th centuries as well as by the Romans (Carlton et al. 2011) , surviving kilns from the Roman period within the vicinity of Hadrian's wall are relatively rare. A Roman lime kiln on a limestone outcrop is suggested at Queens Crags which is 800 metres north of Sewingshields Crags near Housesteads (Crow, 1991) , another was identified in the area between the eastern fort ramparts of Housesteads and the Knag Burn (Simpson 1976 ), the latter is the only excavated example known from the line of the wall (Symonds & Mason, 2009 ). These are however, a significant distance from Wallsend.
The only two Roman lime kilns so far encountered in the wall zone are at Housesteads and Vindolanda, the first dug in 1909 with the kiln at Vindolanda, found in 1995 but not fully published. There are two mentions of lime in the Vindolanda writing-tablets, one in a roster which listed "19(?) men 'burning stone'" (Bowman & Thomas, 1994 TV II,156.4 ) and the other a letter about carts and an order for lime (Bowman & Thomas, 1994, TV II, 314.2) . Both are of Period 3 (97-102/3), well before the start of the building of the wall, and presumably to do with the building of the bath-house which is currently the only known stone building of that period at this site. When work started on the wall, sources of limestone were already known and had been exploited in the Housesteads/ Vindolanda area.
The assumption of Kendal (1996) was that much of the transport of raw materials would be facilitated overland -however, Crocker and Oliver (1999 cited by Allison 2015) suggested that even relatively narrow water courses, less than 2 m wide, were used for moving heavy materials, such as stone in the Medieval period. Therefore the use of water transport should not be discounted in the Roman period especially given the distances over which building stone was transported to the wall (Allison, 2015) .
Lime for mortar is generally produced where limestone and a source of fuel were readily available. The majority of excavated Roman lime kilns are of the 'periodic' type where a timber formwork was constructed onto an internal shelf within the furnace in order to provide support for the limestone charge. This formwork provided initial support over the fire in the kiln chamber (Dix, 1982) . As this frame burnt away the charge became self-supporting allowing ash to be removed before unloading, preventing contamination from the ashes in the bottom of the kiln.
Clamp kilns were also used, and remains have been suggested at several Roman sites (Dix, 1982 cited Wheeler & Wheeler 1936 Pitt-Rivers 1887; Bushe-Fox 1932 , Liversidge et al. 1987 and Neal 1974 . The clamp kilns produced quicklime which was mixed with the fuel ash and was not as evenly burnt (calcined) as that from the periodic kiln. Periodic kilns are believed to be less efficient in terms of fuel requirements (Thér & Maršálek, 2013) , but capable of more effective conversion to quicklime. If the kilns used to produce the lime of Hadrian's wall were fired periodically and were of a similar size to those of the legionary lime-plant at Iversheim (5.5 m 3 ) then a kiln could be expected to produce 40 tonnes of lime each month Dix (1982) . Kendal (1996) interpolates that the whole wall would therefore require between 12 and 15 kilns. If timber was used as the fuel for firing (as well as for structural uses on the wall and scaffolding) then an estimated 250 ha of woodland would need to be cleared along the length of the wall with the largest requirement for lime burning (Kendal, 1996) . Indeed, Dumayne (1994) shows that the changes in pollen deposited in Fozy Moss between 129AD and 370AD are consistent with extensive deforestation.
After firing there would be some limestone which was unburnt, this could be removed during slaking. The presence of unburnt limestone was confirmed in field archaeology experiments by Thér & Maršálek (2013) and Storemyr (2017) . In each case the use of sub-optimal wood was cited as resulting in material which was partially 'burnt' (calcined) or uncalcined in each charge. Storemyr (2017) also demonstrated the changes in colour which could occur with fluctuating raw material properties and contamination due to vault collapse during firing.
In order to evaluate the mortar an appraisal of the literature was carried out. A selection of the references which informed the study are summarised in Table 1 .
From this it can be seen that past studies on historic mortars utilise a variety of different methods. The most commonly used being that of optical study at a variety of scales (in hand specimen, by binocular or polarising microscope) and XRD. Some studies also use TGA/DSC and ICP-OES/AES, which were not used in this work. The decision was made to undertake a selection of the methods outlined by Middendorf et al. (1999) as summarised in Figures 1a to 1c. Table 2 Mortar samples and locations
Materials and Methods

Authors
Analytical methods
The four mortar samples were digitally photographed and then described in hand specimen after macroscopic identification (as used by Anderson et al. 2000) following the flow of procedures indicated in Figure 1a . The mortar samples were then examined using binocular microscopy and then subsampled. The friable nature of the mortar samples required preparation as resin impregnated polished thin section. In total 9 thin sections (at least two from each) were prepared from the 4 samples submitted for examination. The thin sections were petrographically analysed (as Drdácký et al. 2013 ) using transmitted light microscopy and imaged. The petrographic description followed Ingham (2011) .
A dissolution methodology was used to segregate the aggregate fraction for sieve analysis from a whole sample of mortar ( Figure 1b ). Cold 2M HCl was used for 24
hours to dissolve the binder from the aggregate in case of the presence of an unknown fraction of Fe, Al and hydraulic silicates contained within the binding fraction which are sensitive to the hot HCl method (Alvares et al. 1999; 2000a; 2000b) . After dissolution the clear solution was decanted and de-ionised water was used repeatedly to wash the residue free of chloride, these were then filtered and dried to constant mass. The resulting material was passed through a series of sieves to establish grading curves for the resulting non-carbonate aggregate fraction using 75 µm, 150 µm, 300 µm, 600 µm, 1.18 mm, 2.36 mm, 5.0 mm and 6.3 mm sieves.
To establish the acid soluble (carbonates) and soluble silica content of the mortar a quantity of the powdered sub sample was dried at 60°C to constant mass and was then added to HCl and then left for 24 hours ( Figure 1c ). The clear solution was decanted off and de-ionised water was used to wash the sample free of chloride with the washing procedure repeated several times. Samples were filtered and dried to constant mass to establish the weight loss and hence the carbonate fraction. To establish the soluble silica content, the resulting filtrate was added to a saturated solution of Na 2 C0 3 , heated and held at boiling point for 5 minutes. This was then filtered through a weighed filter paper and the residue washed five times with hot deionised water, 5 times with hot diluted HCl (1:20) and a further five times with hot deionised water. Samples were dried at 60°C to constant mass.
To carry out X-Ray Fluorescence (XRF) (as Middendorf et al. 1999 ) mortar samples were ground to 300 μm. Then for all 4 mortars approximately 1 g of sample was
mixed with approximately 10 g of lithium tetraborate (Li 2 B 2 O 7 ) flux, this flux was doped with 0.5% lithium iodide as an anti-cracking agent. These mixtures were fused at 1065°C using a Claisse LeNeo fused bead maker. XRF spectra were collected using a PANalytical MagiX PRO XRF spectrometer and a Rh anode X-ray source, Na was the lightest element detectable with this instrument. XRF data were analysed using PANalytical OXI software based on the methodology devised by Giles et al. (1995) . X-ray Powder Diffraction (XRD) data were collected on the same powdered samples using a PANalytical X'Pert Pro X-ray powder diffractometer. This instrument was equipped with a graphite monochromator and an 'Xcelerator' area detector, Cu K α X-rays were used (λ = 1.5405 Å), operating at 40 kV and 40 mA. The angular range of 5 to 100 °2θ was as collected using the X'Pert Data Collection software and XRD data were analysed using X'Pert Highscore Plus software and the International 
Potential sources of limestone for mortar production
The areas for sampling were in part determined by initial XRD and XRF results on the mortars which identified three binders of low magnesium content , which suggested two possible limestone sources should be considered. There are abandoned quarry workings at Trow point from recent times which may have obliterated evidence of any earlier extraction or processing, so the lack of archaeological remains cannot be used to discount the area. The work of Harrison et al. (1990) gives chemical content for high purity limestones considered to be strategic mineral resources, however the outcrops around Housesteads are neither extensive nor pure enough to be included in this assessment. Appropriate permissions to undertake sampling were therefore sought as the land is owned by the National Trust, rented to private individuals and additionally some sites were listed as a Site of Special Scientific Interest (SSSI) and either Scheduled Monument or Special Area of Conservation. The relevant parties were therefore English Nature, the National Trust, English Heritage and the individual tenants of the land (Table 3 ). The area around Trow Rocks is designated as an SSSI and is in the care of the National Trust again requiring appropriate permissions be sought (Table 3) 
Results
Mortar analysis
Descriptions are provided for each sample in turn using hand specimen, binocular microscope and petrographic thin section techniques. Sample WESH 1625 was a pale grey (Munsell 10YR 8/2), highly porous, very soft, friable mortar. The aggregate The initial XRD, XRF and FTIR characterisation was undertaken on the fractions manually ground and passing the 300 μm sieve in order to focus on the lime fraction of the mortar rather than the aggregates in order to inform the field sampling of limestone. XRD is only able to detect well-crystallised materials, whereas FTIR can also detect amorphous species; both were used to provide a semi-quantitative assessment of the minerals present. The results (XRD - Table 4 , XRF - Table 5 , FTIR - Figure 7 ) highlighted high volumes of (crystalline) silica in this fraction despite the intention to prepare a sample of binder with little or no aggregate present. The magnesium content overall was low and the refined lattice parameters for the calcite phases were all slightly larger than for pure CaCO 3 , which would suggest that divalent cations other than Mg (possibly Fe) were partially replacing for Ca in the lattice and causing the lattice parameter expansion. Table 4 Semi-quantitative mineral content of the mortar samples by XRD XRD indicated relatively high amounts (in particular for WBMT 8076) of the calcium end member of plagioclase feldspar, anorthite, this supports the petrographic study. Table 5 were derived from the weight loss during the preparation of the fused beads for XRF analysis and predominantly represent the loss of CO 2 from the carbonates, however, H 2 O loss from the clay fraction will also contribute to these values, as will any organic matter or sulfates.
The loss on ignition values (LOI) presented in
Semi-quantitative chemical data from the SEM-EDX spot analyses identified quartz, alumino-silicate materials (including clays and ceramics) and carbon rich fragments. Table 6 Total soluble silica, % carbonate and binder: aggregate ratio for whole mortar Dissolution tests were carried out on crushed powder from the mortar as a whole and therefore represents the total soluble silica including that within aggregate particles which would be unable to react with the lime mortar in practice. Figure 8 and Table 6 indicates that for all mortars the levels of soluble silica is relatively low.
Mercury porosimetry of the whole mortars identified higher porosity in WESH 1660 and WBMT 8076 (30.5 and 34.6 % , respectively). WBMT 8076 has the smallest pore diameter average (predominantly 0.1 μm), whereas WESH 1660 has the largest pore diameter average (predominantly 2 μm). WBMT 8083 and WESH 1625 have similar pore size distributions (0.1 and 2 μm) yet have overall lower total porosities (23.8 and 19.9%).
Results of tests on the limestone material from potential sources
Appraisal of the limestone followed similar methods to those used in the evaluation of the mortar and largely follow the schemes illustrated in Figures 1a-c albeit with a focus on the whole rock rather than binder characterisation. Descriptive work began with the recording of the limestone source samples by digital photography (Figure   8a ; Figure 8b) . The samples were then described and classified in hand specimen as follows.
 A-1 is a medium to dark grey, highly crystalline limestone  A-2 is a dark grey limestone, crystalline but bioclastic, with brachiopods.
 Sample A-3 is a light grey, fine grained, micritic limestone with crinoidal fragments present.
 Sample A-4 is a light grey, highly crystalline limestone.
 Sample A-5 is a medium grey, compact micritic bioclastic, crystalline limestone. Possible crinoids and gastropods were observed in the hand specimen.
 Sample A-6 is a medium grey, compact, micritic limestone with brachiopods and crinoids present.
 Sample B-1 is a buff yellowy-brown coloured limestone. The sample is crystalline / granular in texture with no preferred fracture planes or bedding.
 Sample B-2 is a medium grey in colour weathering to a brown limestone. The sample is well cemented but highly crystalline in appearance with abundant vuggy porosity.
Petrographic descriptions are summarised in Table 7 , with XRD data in Table 8 are probably due to hydroxyl groups associated with kaolinite, but could also be due to other clay minerals like smectites. This band could also be due to the presence of water associated with any minerals present. Sample 1B is dolomite-based, but has less quartz than sample A-4, Sample B-2 is calcite with minor quartz. Figure 9a Samples A-1 to A-6 (40ºC dry) -ascending order Figure 9b Samples B-1 and B-2 -ascending order
Discussion
The initial investigation attempted to separate the aggregate from the mortar using the common grinding and manual sieving method. The assumption is that the resulting fine fraction will consist of binder and the coarse fraction the aggregate.
This was found to be unsuccessful, once the 'aggregate' fraction was analysed, due to the variable nature of the mortar which was friable as a whole but with patches of The findings from the analysis of the mortars are broadly in line with the mineral assemblages identified by other authors (Andersen et al. 2000; MaravelakeKalaitzaki et al. 2005) . Gualtieri et al. (2012) discussed the carbonation of brucite Mg(OH) 2 which would be formed during processing lime burning with dolomite. This would, they suggest result in amorphous Mg carbonate. As this was not seen in FTIR it suggests that the feedstock was predominantly calcitic. It can be seen therefore that different information is gained from each technique, which is complementary and adds to a fuller characterisation.
The binder to aggregate ratios shown in Table 5 indicate a much richer binder mix for WEST 1625, although the presence of carbonates in the aggregate fraction of the mortar mean that the actual value will be lower than calculated. The findings are in line with those of Böke et al. (2006) at the higher binder end more specifically who found that binder: aggregate volume ratios varied from 1:4 and 1:2. Bartos et al. (2000) proposed that high amount of binder suggests dry slaked air lime, as does the presence of shrinkage cracks or of small zones of fine grained calcite crystals.WESH 1625, 8083 and 1660 have a lower hydraulic character and are therefore more likely to be air limes. Dry slaking is generally associated with lower quality work than wet slaked and matured lime putty. This finding appears to correlate with the identification of charcoal based on microscopy but which was not identified by XRD indicating that it is not well crystallised. The inclusion of these small pieces of charcoal could be indicative of poor management of an intermittent (flare) kiln where the charge had partially collapsed after firing, leading to contamination of the lime with the fuel. If sieving during production was not thorough enough to remove the unburnt charcoal, then it is unlikely to have removed small unburnt fragments of limestone from the lime prior to transportation. Not only could this be indicative of poor quality control but it could also indicate the use of poor quality fuel.
Brick fragments were found by Baronia et al. (1997) (Böke et al. 2006 ).
The soluble silica content of the mortars is highest for WBMT 8076 and lowest for WESH 1625. This suggested that the former is likely to have had a degree of hydraulic set where the latter is more likely to be an air lime. WBMT 8083 and WESH 1660 may also be considered to be feebly hydraulic due to low soluble silica levels.
The lack of reaction halos (for example the extensive rods or fibres of CSH observed by Bartos et al. (2000) ) on the larger ceramic aggregate pieces, suggests that these imparted no hydraulic properties to the mix and may have been added to provide dimensional stability to the fresh mortar mix. Housesteads (and at other areas to the east) were identified in the mortar which was poorly sieved and contained fragments of charcoal. While the presence of fine aggregate grains of petrographically and spectrographically similar characteristics to the rocks at Housesteads is suggestive, the evidence based on this initial work cannot yet be considered compelling when distinguishing poorly burnt lime feedstock present in the mortar rather than added later as aggregate.
There is a common assumption that the lime mortar for the wall was sourced locally along its length. The lime however, was found to more closely match limestone from the west of Housesteads (35 miles to the west of Wallsend) and from the vicinity of the fort at Vindolanda.
This suggests that there was a single source of limestone used when the wall was built (as demonstrated by the sample from the original construction of the baths which can be shown to have taken place at the same time as the curtain was being built at Wallsend -sample WESH 1625). The other three samples are from rebuilding of the baths and curtain in the early to mid-third century, which indicate that the same source could have been operating a century after the work started on the wall.
There is a parallel in this suggestion to long-distance transport of lime in Roman
Germany. At Iversheim (Sölter, 1970) there was a bank of six large kilns operating in the second and third century. They were operated by the army and the soldier in charge dedicated an altar where he described himself as a magister calcariarum (master of the lime kilns) serving in the 30th Legion which was stationed at Vetera, 
Conclusion
Limestones of similar lithology to those cropping out at Housesteads (and at other areas to the east) were identified in the mortar which was poorly sieved and contained charcoal. Confining the use of mortar to buildings such as the baths where it was essential and thus reducing the transport of lime over long distances would have speeded up the building of the wall, which was prioritised after the project was initiated. While the petrographic and spectrographic similarilty of the mortars to the rocks at Housesteads is suggestive as to the source, the evidence based on this initial
work cannot yet be considered compelling when distinguishing whether it is derived from poorly burnt lime feedstock present in the mortar rather than added later as aggregate.
Further work is needed to investigate the isotope levels of the mortar from Hadrian's wall and to identify potential limestone feedstocks including two further outcrops near Harlow Hill -the Dalton Limestone (east) and the Newton Limestone (west).
Further sampling of mortars from along the line of the wall and associated buildings would build up a larger picture of the mortar chemistry and indicate whether there were significant changes in this over the occupation of the wall. Additionally it is not clear if the coal found in the vicinity of Housesteads was used to augment the local exploitation of timber in lime product during the Roman period. Further work is also needed to consider the possibility that the brick content of some mortars was water worn, which may indicate dredging of material into which building waste had been previously disposed of. Further work on Roman age river sediments and modern river sediments would therefor provide an interesting comparison of the potential aggregate sources.
